Cover cropping is a cornerstone of sustainable agriculture, however, little attention is 20 paid to the cover crop production supply chain. Here we explore land use requirements to supply 21 the United States maize production area with cover crop seed, identifying an average 5.4% of 22 130 1. Singer, JW et al.
current production area being required, with the most popular species of hairy vetch requiring 23 11.9%. We then highlight avenues for avoiding this high land use cost. [6] , and nutrient cycling [7, 8] . Universities, nonprofits, and industry 29 are all now working to achieve wider adoption of cover crops through a mixture of research, 30 advocacy, education, and outreach [9] . In part, these efforts have contributed to an increase of 31 2.0 million ha of cover crops planted in the U.S. from 2012 and 2017, with total cover crop 32 hectarage reaching 6.2 million ha as of 2017 [10] . Yet, in spite of this uptick in adoption, just 33 1.7% of U.S. farmland currently incorporates a cover crop, meaning the strategy does not yet 34 have widespread impact in commodity crop production systems [10] . Here, we step back from 35 the field-scale benefits of cover cropping and consider what infrastructure would be needed to 36 upscale cover cropping and what barriers remain to achieving this scale.
37
Perhaps the most foundational need for scaling cover crops is a robust seed industry that 38 can provide an affordable and high quality input for farmers. Growing cover crops for seed in 39 temperate agroecosystems usually requires foregoing production of traditional cash crops on the 40 3 same land in the same year because current cover crop species require most of a temperate 41 growing season to reach reproductive maturity. As a result, widespread cover crop adoption 42 would likely require significant arable land allocation for seed production, potentially forcing the 43 conversion of farmed lands from cash crops, pasture, and natural systems to cover crop seed 44 production ( Figure 1 ). The potential scope and implications of such land use changes have not 45 been quantified.
46
Therefore, we ask: how much land would cover crop seed production require if cover 47 cropping was adopted widely across a major cash crop production area, such as the 34 million ha 48 devoted to U.S. maize production? To answer this question, we compiled the generally accepted 49 seed yields and seeding rates for 17 different cover crops from state yield trials, published 50 literature, commercial seed catalogs, and farmer bulletins (Table S1 ). These cover crops are 51 marketed as suitable for use in the U.S. [11] . For each cover crop, minimum and maximum seed 52 yield per hectare and seeding rate per hectare were used to bound the area that could be 53 cultivated with the cover crop from a single hectare of seed production ( Figure 1A) , and the total 54 number of hectares needed for seed production of the cover crop so as to plant the entire U.S. 55 maize cropland ( Figure 1B ).
56
Assuming that the total maize hectarage does not change for any reason inherent to this 57 transition, we find that the land requirements for production of cover crop seed would be on 58 average 2,053,407 hectares, which is equivalent to 5.6% of the U.S. maize farmland. Rye (Secale 59 cereale L.) -a midrange seed yielding cover crop, would require 1,660,000 hectares (4.5% of 60 maize farmland), while hairy vetch (Vicia villosa ssp.) -the lowest seed yielding -would require 61 as much as 4,410,000 hectares (11.9% of maize farmland).
62
For the sake of illustration, we introduce two hypothetical scenarios for land use 63 conversion for cover crop seed production. In scenario one, we consider direct competition of 64 land between maize production and cover crop seed production and assume no change in yield 65 due to cover cropping. If based on 2017 average maize yield data we converted land used for 66 maize production to cover crop seed production, rye seed production would result in 16,400,000 67 MT of maize grain removed from the market, while hairy vetch seed production would result in 68 44,100,000 MT of grain removed. This larger number is comparable to the annual amount of 69 maize grain lost to disease in the U.S. in 2015, which amounts to 13.5% of total production [12] .
70
To avoid the tradeoffs caused by producing cover crop seed on current cash crop lands, 71 alternatives may be proposed. For example, we consider a second scenario for cover crop seed . Most of these traits have a well-known genetic basis [20, 21] . Leveraging these 100 abilities to improve seed yields may reduce land use impacts, provide economic benefits to seed 101 producers, and improve access to cover crop seed.
102
For cover crops to be widely planted, our analysis suggests that land use for cover crop 103 seed production will have large and poorly understood economic, environmental, and food 104 production impacts. Two research areas need immediate attention in order to move forward with 105 planning for scaling cover crops: 1) to what extent does common agronomic knowledge actually 106 represent the yields achieved by cover crop seed growers? And 2) if seed yields for cover crops 107 are as low as found in our compilation of data sources, to what extent can we leverage breeding 108 6 to increase seed yields while simultaneously improving the fertilizer and other ecosystem service 109 benefits of cover crops? The answers may help indicate whether cover crops, an essential 110 strategy for sustainable crop production, will be able to move from theory to practice. 
